Tissue localizations of cytosolic glutamine synthetase (GS1; EC 6.3.1.2), chloroplastic GS (GS2), and ferredoxin-dependent glutamate synthase (Fd-GOGAT; EC 1.4.7.1) in rice (Oryza sativa L.) leaf blades were investigated using a tissue-print immunoblot method with specific antibodies. The cross-sections of mature and senescent leaf blades from middle and basal regions were used for tissue printing. The anti-GS1 antibody, raised against a synthetic 17-residue peptide corresponding to the deduced N-terminal amino acid sequence of rice GS1, cross-reacted specifically with native GS1 protein, but not with GS2 after transfer onto a nitrocellulose membrane. Tissue-print immunoblots showed that the GS1 protein was located in large and small vascular bundles in all regions of the leaf blade prepared from either stage of maturity. On the other hand, GS2 and Fd-GOGAT proteins were mainly located in mesophyll cells. The intensity of the developed color on the membrane for GSI was similar between the two leaf ages, whereas that for GS2 and Fd-GOGAT decreased during senescence. The tissuespecific localization of GS1 suggests that this GS isoform is important in the synthesis of glutamine, which is a major form of1itrogen exported from the senescing leaf in rice plants. GS2 catalyzes the first step in the assimilation of NH33 in higher plants (12, 13) . In many plants, there are two isoforms of GS in leaves: one located in the cytosol (GS1) and the other in the chloroplast stroma (GS2) (11, 15) . GOGAT is a second enzyme active in the transfer of the amide nitrogen of Gln to 2-oxoglutarate and hence in the generation of two Glu molecules (12, 13, 15 senescing leaves (10). Glu is a major free amino acid in rice (Oryza sativa L.) leaf blades (8), whereas Gln is a major form of the total amino acids in phloem sap of rice plants (6). Therefore, Glu in the blades is probably converted into Gln during the remobilization process. GS is a candidate for this conversion. Because the barley mutant lacking GS2 was able to grow normally under nonphotorespiratory conditions (22), GS1 in leaves could also be important in the synthesis of Gln for normal growth and development. Recently, we showed that the content of GS1 polypeptide remained constant during the natural senescence process in rice leaf blades, whereas that of the GS2 polypeptide declined (8).
3 NH3 refers to ammonia or ammonium ion (without attempting to distinguish between the two forms). 1481 senescing leaves (10) . Glu is a major free amino acid in rice (Oryza sativa L.) leaf blades (8) , whereas Gln is a major form of the total amino acids in phloem sap of rice plants (6) . Therefore, Glu in the blades is probably converted into Gln during the remobilization process. GS is a candidate for this conversion. Because the barley mutant lacking GS2 was able to grow normally under nonphotorespiratory conditions (22) , GS1 in leaves could also be important in the synthesis of Gln for normal growth and development. Recently, we showed that the content of GS1 polypeptide remained constant during the natural senescence process in rice leaf blades, whereas that of the GS2 polypeptide declined (8) .
Although the intracellular distribution of GS isoforms is well established in leaves, there is little information with respect to their tissue localization. If GS1 were truly responsible for export of leaf nitrogen, it would be expected to be localized in close proximity to the phloem in leaf tissues. From molecular-genetic analyses, Edwards et al. (2) recently showed that the promoter for GS1 of pea nodules was expressed within the phloem elements, whereas that for GS2 was expressed within photosynthetic cell types in transgenic tobacco plants. However, direct evidence for tissue localization of GS isoforms in leaves has not yet been described. The same situation is also true for Fd-GOGAT, another enzyme related to Glu metabolism.
In this paper, we investigate the tissue localization of GS1, GS2, and Fd-GOGAT in rice leaves by using a tissue-print immunoblot method (24) . The results show that GS1 protein is specifically located in large and small vascular bundles of rice leaf blades and remains relatively constant during senescence. In contrast, GS2 and Fd-GOGAT are mainly located in mesophyll cells and their levels are reduced during natural senescence.
MATERIALS AND METHODS

Plant Materials
Rice (Oryza sativa L. cv Sasanishiki) plants were grown to the ripening stage in hydroponic culture as described previously (8) . The strength of the nutrient solution (8) Partial Purification of GS1 from Rice Leaf Blades GS1 was partially purified from rice leaves (10 g fresh weight) and freed of GS2 by column chromatography on DEAE-Sephacel and hydroxyapatite as described previously (7) . The specific activity of the partially purified GS1 was 26.6 transferase units/mg protein. Purified rice GS2 was the same as in our previous paper (8) . GS transferase activity was determined as described previously (5) . One unit of enzyme activity was defined as that amount that synthesized 1 umol of product/min at 300C. Protein content was determined by the method of Bradford with BSA as the standard (1).
Preparation of Antibodies
For preparation of anti-GS1 antibody, a synthetic 17-residue peptide was first produced by a peptide synthesizer according to the deduced amino acid sequence for rice GS1. The amino acid sequence from + 1 to + 17 was MASLTDLVNLNLSDTTE as described by Sakamoto et al. (16) . The synthesized peptide was conjugated with ovalbumin and then injected into a rabbit as described previously (7) . Anti-rice leaf GS2 and anti-rice leaf Fd-GOGAT antibodies were the same as described previously (8) .
Immunoblotting Analysis
Native-PAGE was performed with a slab gel at 5% (w/v) polyacrylamide essentially as described by Laemmli (9), except that SDS was omitted. The separated proteins were transferred to a nitrocellulose membrane by electroblotting (Bio-Rad Transblot, 13 h at 20 V and 40C) following the method of Towbin et al. (21) , except ethanol was eliminated from the blotting buffer. The proteins on the membrane were reacted with anti-GS1 antiserum raised against the synthetic peptide. The reacted protein was visualized with a goat antirabbit IgG alkaline phosphatase conjugate (Promega) as described previously (5, 7) . In a control experiment designed to show the cross-reactivity of the GS1 and GS2 antibodies against the rice leaf GS isoproteins, the partially purified GS1 (7) and purified GS2 (8) were first loaded onto the nitrocellulose membrane with a slot-blot apparatus (Bio Dot SF, BioRad) according to the protocols recommended by Bio-Rad. The GS proteins on the membrane were reacted with antiserum against either GS1 or GS2 and then visualized as described above.
Tissue-Print Immunoblots
The nitrocellulose paper (Schleicher and Schuell, Dassel, Germany) was first soaked in PBS for 10 min and air dried. The middle (18) (19) (20) (21) (22) cm from the leaf base) or basal (1-4 cm) region of the 13th leaf blade was cut into approximately 1-mm thick cross-sections with a double-edge razor blade, and the sections were blotted onto the nitrocellulose paper according to the method of Ye and Varner (24) . After printing, the membranes were rinsed briefly in PBS at room temperature. To prevent nonspecific binding of the antibodies, the membranes were incubated in PBST-milk (5% [w/v] nonfat dry milk and 0.1% [v/v] Tween-20 in PBS) for 1 h at room temperature and then with antiserum against GS1, GS2, or Fd-GOGAT for 6 h at 300C. All antisera were diluted at 1:1000 in PBS-BSA (PBS containing 0.3% [w/v] BSA). After reaction, the membranes were first washed in PBST-milk and then were incubated with goat anti-rabbit IgG alkaline phosphatase conjugate (Promega), diluted at 1:7500 in PBS-BSA, for 1 h at room temperature. After washing in PBST-milk, the membranes were incubated with nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate (Promega) for color development according to the protocol recommended by Promega. The pictures of the color developed on the membranes were taken by using an Olympus stereomicroscope SZH-151. The same dilutions of rabbit preimmune serum and anti-GS1 antiserum that were preabsorbed with excess amounts of synthetic peptide were used for the double controls. rice leaf extract was analyzed by immunoblotting after SDS-PAGE (7). It had no cross-reactivity against purified rice GS2. Because nondenatured GS is composed of eight identical subunits (18) (19) (20) , we examined the cross-reactivity of the GS1 antibody against native GS1 protein, which was partially purified from rice leaves (7), and native GS2 protein purified from rice leaves (8) . Similarly, the cross-reactivity of the GS2 antibody against both GS isoproteins was tested with a slotblot apparatus. After native-PAGE and immunoblotting, the anti-GS1 antibody cross-reacted with the partially purified GS1, but not with purified GS2 (Fig. 1A) . The same results
were also shown after protein slot blotting (Fig. 1B) . Thus, the GS1 antibody was monospecific for rice leaf GS1 and was able to recognize native GS1, as well as its denatured subunit (7), after transfer to a nitrocellulose membrane. On the other hand, the anti-GS2 antibody recognized both GS1 ..v svb and GS2 proteins (Fig. 1B) , similar to its cross-reactivity with both the 44-kD GS2 polypeptide and 41-kD GS1 polypeptide after SDS-PAGE (5, 8) .
When the anti-GS1 antibody was used as primary antibody for the tissue-print immunoblot, strong signals were observed in large and small vascular bundles of cross-sections prepared from the middle region of the 13th leaf blade at the mature stage (Fig. 2, B and E) . On the other hand, the GS1 signals were quite weak in mesophyll cells. When the GS1 antibody, together with an excess amount of the antigen (the synthetic peptide), were used as the primary antibody, there were no signals in large and small vascular bundles (Fig. 2C) . However, weak signals in the mesophyll cells were still observed. When preimmune serum was used, the signals in vascular bundles and mesophyll cells were not detected (Fig. 2H) . Hence, the weak signals observed in mesophyll cells are Figure 2 .
probably nonspecific reactions. Thus, the GS1 protein was primarily located in small and large vascular bundles in the leaf. This vascular bundle-specific localization of GS1 was also observed when the cross-sections were prepared from the middle region of the senescent leaf blade (Fig. 2, G and J). The vascular bundle-specific localization of GS1 was also observed when the basal region of the leaf blade was tested at either stage (Fig. 3) . When anti-GS2 antibody was used as the primary antibody, positive signals were detected in both mesophyll cells A B and vascular bundles in the cross-sections prepared from the middle region of the mature leaf blade (Fig. 4, A and B) . The signal intensity detected in the mesophyll cells in the senescent leaf was less than that in the mature leaf, whereas the intensity of signals detected in the vascular bundles was similar between the two ages (Fig. 4, C and D) . Because our anti-GS2 antibody recognizes both GS1 and GS2 polypeptides (Fig. 1B and ref. 8 ) and because GS1 was detected only in the vascular bundles (Figs. 2 and 3) , the positive signals detected in the vascular bundles may be the GS1 protein.
Although the possibility of some GS2 in the vascular bundles cannot be positively eliminated from the current study, the major portion of GS2 is probably localized in mesophyll cells of rice leaves. The decline of signals in the mesophyll cells during natural senescence is in good agreement with our previous study (8) .
When anti-Fd-GOGAT antibody was used as the primary antibody, positive signals were mainly observed in the mesophyll cells of the mature leaf (Fig. 5) . The intensities of the color for Fd-GOGAT also declined during senescence. Localization of GS2 and Fd-GOGAT in the mesophyll cells was also confirmed in the basal region of the 13th leaf blade of rice plants (data not shown).
DISCUSSION
The present studies with tissue-print immunoblots clearly showed that GS1 was specifically located in small and large vascular bundles of the 13th leaf blade of rice plants, whereas GS2 and Fd-GOGAT were mainly located in mesophyll cells. These tissue-specific localizations did not change either in different regions within a leaf blade or at different stages of maturity. Recent studies with transgenic plants showed that the promoter for GS1 of pea nodules was active in phloem elements, whereas that for GS2 directed gene expression in photosynthetic cell types, suggesting that the GS1 and GS2 do not perform redundant functions during plant development (2, 4) . Recently, Felker and Muhitch (3) have shown that GS protein is found in vascular tissues in maize kernels. There has been no information concerning localization of GS isoproteins in leaf tissues. Cell-specific expression of GS genes (2) and cell-specific localization of GS proteins indicate nonoverlapping roles for GS1 and GS2 in leaves. The localization of GS2 in mesophyll cells of rice leaves is consistent with findings from transgenic studies (2) and from barley mutant studies (22) , which suggest that GS2 functions mainly in the reassimilation of NH3 derived from photorespiration. Mesophyll cell-specific localization of Fd-GOGAT is also consistent with results that show that Fd-GOGAT is active in the photorespiratory nitrogen cycle (17) . On the other hand, the vascular bundlespecific localization of GS1 and phloem-specific expression of the GS1 gene (2) strongly suggest that GS1 functions to generate Gln for transport of nitrogen to sink tissues. However, to date, there is no information on the availability and generation of substrates for the GS1 reaction, i.e. NH3, Glu, and ATP, in vascular tissues. This problem, together with the precise localization of the GS1 protein among the different cell types of the vascular tissue, should be resolved to fully understand the function of GS1 in rice leaves. GS2 in mesophyll cells synthesizes Gln, part of which might possibly be transported directly to sink tissues. However, the fact that barley mutants lacking GS2 grow normally under nonphotorespiratory conditions (22) suggests that the relative contribution of GS2 to the synthesis of the Gln for transport would be small.
Because the vascular bundles of rice leaves contain few chloroplasts (14) , there should be little photorespiration in such tissues and, hence, the activity of GS1 is probably not related to photorespiration. However, when GS2 and Fd-GOGAT mutants are transferred from high CO2 to air, deficiency symptoms appear earlier in the Fd-GOGAT mutants (22) . This suggests that GS1 can compensate to a limited extent for GS2 function when this GS isoform is missing.
In contrast with rice leaves, it is known that GS1 and GS2 activities in maize leaves are equally distributed in both bundle sheath and mesophyll cells (23) . The bundle sheath cells of C4 plants contain chloroplasts where C3 metabolism and photorespiratory NH3 release occur. Therefore, GS2 in C4 bundle sheath cells probably has a function in the reassimilation of NH3 derived from the low rates of photorespiration, just as it has in C3 plants.
